and in vitro studies, has shown that the assembly of a Divisions of 1 Biochemistry and Molecular Biology and eukaryotic promoter into chromatin can block the estab-
promoter element into a nucleosome can sterically prevent the stable binding of a transcription factor to its recognition An important first step in the chromatin remodelling sequence (Tremethick et al., 1990; Taylor et al., 1991 ; process is the initial binding of a transcriptional activ- Workman et al., 1991) . Transcription factor access can be ator to a nucleosomal template. We have investigated further restricted by the subsequent folding of an array of the ability of Fos/Jun (a transcriptional activator nucleosomes into more compact higher-order structures involved in the signal transduction pathway) to interact (Kamakaka et al., 1993; Bouvet et al., 1994) . These results with its cognate binding site located in the promoter have led to the proposal that nucleosome repression of region of the mouse fos-related antigen-2 (fra-2) protranscription is one important mechanism by which a moter, when this site was reconstituted into a nucleolarge number of genes in the eukaryotic nucleus remain some. Two different nucleosome assembly systems were repressed despite the presence of ubiquitous transcription employed to assemble principally non-acetylated or factors (Workman and Buchman, 1993) . For a gene to be acetylated nucleosomes. The ability of Fos/Jun to interactivated, the nucleosomal fibre must first be de-condensed act with an acetylated or an unacetylated nucleosome and then nucleosomes must be removed from important differed markedly. Fos/Jun bound to an unacetylated promoter elements. This two-step change in the chromatin nucleosome with only a 4-to 5-fold reduction in DNA structure, associated with the transcriptional activation binding affinity compared with naked DNA. Strikingly, process, is reflected by a differential increase in the the binding of Fos/Jun to a single high-affinity site accessibility of an active gene towards DNase I, i.e. the incorporated into an acetylated nucleosome resulted chromatin domain of an active gene, and key regulatory in the complete disruption of nucleosomal structure sequences become sensitive and hypersensitive to digeswithout histone displacement. Moreover, this disruption by DNase I, respectively (Wallrath et al., 1994) . tion was sufficient to facilitate the subsequent bindingIntroduction tor-nucleosome interactions. For example, different transcription factors display a wide range of binding affinities The establishment of an active transcription complex on with regard to their ability to interact with a defined sequence a eukaryotic RNA polymerase II promoter in chromatin within a nucleosome ; is an extremely complex process involving an interplay Wechsler et al., 1994; Blomquist et al., 1996) . Also, the between many different components, including specific DNA sequences (and structures), histones, non-histone ability to interact with a nucleosome can depend on the rotational position of a transcription factor binding site, i.e. chromosomal proteins, transcriptional activators (and repressors), architectural proteins and the basal transcripwhether the site faces towards or faces away from the histone octamer (Archer et al., 1991; Li and Wrange, 1995) . The tion machinery (Workman and Buchman, 1993; Becker, 1994; Wallrath et al., 1994; . Thus, it is not location of a binding site relative to the centre of a nucleosome is also important, as DNA sequences located at the surprising that the promoter of an active gene is assembled into a highly organized and complex structure, although end of a nucleosome tend to be more accessible than those located towards the centre of the nucleosome where histonethe precise molecular steps by which such a structure is assembled is far from being understood. Clearly, the DNA contacts are the strongest Vettese Dadey et al., 1994; Adams and Workman, 1995) . This is reproduction of an active from an inactive chromatin structure in vitro will be crucial for unravelling these best illustrated by the interaction of GAL-4 with nucleosome cores containing five GAL-4 binding sites (Vettese Dadey molecular steps. In addition, to understand the complex et al. , 1994) . In contrast to naked DNA, GAL-4 binding to ated into a nucleosome. The model system we employed the nucleosome occurred in a cooperative manner, with involves the assembly of a single nucleosome onto a 180 initial binding at the site at the end of the nucleosome core, base pair (bp) DNA fragment. Two different nucleosome which in turn facilitated binding to more internal sites. In assembly systems were used. The first procedure is a these studies, transcription factor binding alone was not well-characterized and widely used method involving the sufficient to cause nucleosome displacement, which was transfer, under high-salt conditions, of a nucleosome achieved when nucleosome assembly factors such as from histone H1-depleted donor chromatin (isolated from nucleoplasmin were present in the binding reaction (Chen chicken red blood cells) to a 32 P end-labelled DNA et al., 1994; Walter et al., 1995) . These assembly factors fragment. Following dilution of the mixture from highfacilitate nucleosome displacement by removing histones salt to physiological conditions, donor chromatin is from ternary complexes. Nucleosome displacement was not removed by precipitation with MgCl 2 (see Materials and observed when only a single GAL-4 site was incorporated methods). The nucleosome assembled consists primarily into a nucleosome.
of unacetylated histones (Dimitrov et al., 1993) . The Despite the significance of this work, only a limited numsecond assembly system, which assembles nucleosomes ber of transcription factors have been used in similar investieasily and efficiently under physiological conditions, gations. Moreover, in many cases, artificial promoters and utilizes the N1/N2-(H3,H4) complex isolated from transcription factors have been employed. Therefore, it is Xenopus laevis ovaries (Tremethick and Frommer, 1992) . necessary to undertake a more extensive study employing Histone H4 in the complex is present in the diacetylated natural promoters with a greater variety of transcription form and histone H3 is similarly modified (Zucker and factors that possess different DNA binding and activation . To assemble a complete nucleosome condomains (Workman and Buchman, 1993) . In this investitaining an acetylated H3/H4 tetramer, as previously gation, we chose to examine the ability of AP-1 (Fos/Jun) described (Tremethick et al., 1990; bind to a nucleosome. AP-1 is a ubiquitous transcription 1990; Tremethick and Frommer, 1992; Tremethick and factor involved in signal transduction pathways. Drew, 1993;  Tremethick and Hyman, Extracellular signals regulate the activity of many 1996), the N1/N2-(H3,H4) complex is supplemented with different kinds of transcription factors. A variety of these chicken H2A/H2B. In the absence of histone H2A/H2B, signals stimulate the activity of the transcription factor histone H3/H4 containing subnucleosomal particles are AP-1 (Karin, 1995) . Following activation of AP-1 activity, assembled that can supercoil DNA and protect DNA from gene expression is re-programmed by the transcriptional micrococcal nuclease digestion (Tremethick et al., 1990 ; activation (or repression) of AP-1 target genes (Angel and Zucker and Worcel, 1990) . Importantly, using this in vitro Karin, 1991) . AP-1 consists of a mixture of polypeptides nucleosome assembly system, authentic chromatin with that are encoded by the immediate-early genes of the fos different physiological nucleosome repeat lengths can be (c-fos, fosB, fra-1 and fra-2) and jun (c-jun, junB and assembled when histone H1 and/or HMG proteins are junD) families. Both Fos and Jun family members share added to the assembly reaction (Tremethick and Frommer, a well-conserved region containing the basic DNA-binding 1992; Tremethick and Drew, 1993 ; Tremethick and domain and leucine zipper dimerization motif (bZip) Hyman, 1996) . (Angel and Karin, 1991; Kerppola and Curran, 1991a) .
The 180 bp DNA template used for most of the The bZip domains of Fos and Jun exist as continuous experiments reported here encompasses the region from α-helices which pair to form a coiled-coil through their -65 to ϩ129 of the mouse fra-2 promoter (see Figure 8B ) leucine zippers. The two helices diverge at the basic (Foletta et al., 1994) . This particular promoter was chosen region to form a Y-shaped structure. Each basic arm of because, in addition to an AP-1 consensus site (TGACthe Y structure interacts with the major groove of the TCA), two high-affinity binding sites for the HMG-box DNA in a scissors grip manner (Glover and Harrison, protein SRY (a consensus and non-consensus site, sites 1 1995). Both Fos and Jun contribute to the transactivation and 2 respectively in Figure 8B ) are also present on this function of the AP-1 complex through binding to the AP1 DNA fragment (the ability of SRY to bind to a nucleosome consensus complex (TGA G/C TCA) (Angel and Karin, is currently under investigation and is not the subject of 1991; Kerppola and Curran, 1991a) . Since AP-1 induces this study). SRY is a central component involved in testis transcription by binding to enhancer and promoter development (Berta et al., 1990) . There is in vitro evidence elements of target genes, it would be expected that, at that binding of AP-1 and/or SRY to these sites is significleast in some cases, AP-1 would encounter its binding ant, as expression of Fos/Jun or SRY in transient transfecsite incorporated into chromatin. Whether AP-1 can intertion studies stimulates the expression of fra-2 promoter act with a nucleosome is currently not known.
reporter constructs containing these sites (V.C.Foletta and In this investigation, we present novel data indicating D.R.Cohen, unpublished data). The 180 bp fragment used that Fos/Jun can disrupt the structure of a nucleosome.
in most of these experiments was generated such that the Moreover, multiple DNA binding sites for AP-1 are not AP-1 binding site was located centrally in the fragment. required for this disruption process. These findings suggest
The binding of AP-1 to a nucleosome reconstituted on that AP-1 may play an important role in the chromatin this fragment or to naked DNA (mock-assembled) was remodelling process. monitored by gel mobility shift assays and DNase I footprinting.
Results
First, it was necessary to establish that a complete nucleosome is generated following mixing of the N1/N2-Nucleosome assembly (H3,H4) complex with histones H2A/H2B and template In this study, we have investigated the ability of Fos/Jun to interact with its binding site when this site is incorpor-DNA. In Figure 1 , a gel mobility shift assay was used to
The binding of a Fos/Jun heterodimer to nucleosomal DNA Using the gel mobility shift assay, we investigated whether Fos/Jun can bind to a nucleosome. In Figure 2A , a nucleosome was assembled using the N1/N2-(H3,H4) complex plus pure histones H2A/H2B such that~50% of the DNA template was reconstituted. Titration of Fos/Jun onto naked DNA (mock-reconstituted) produced a specific complex that migrated significantly more slowly than the DNA probe ( Figure 2A , compare lanes 1 and 3). This complex would be equivalent to the binding of a single Fos/Jun heterodimer to the DNA probe. As observed for first bound to the free probe ( Figure 2A , lanes 4 and 6), indicating its preference for naked DNA. However, once the free DNA probe was almost gone, the Fos/Jun dimer bound to the nucleosome, as evidenced by the gradual demonstrate the formation of a distinct shifted complex loss of the complex corresponding to nucleosome alone. when all of these assembly components were incubated By 2.4 footprinting units (fpu) (only 2.4-fold more protein together. Neither histones H2A/H2B nor histones H3/H4 than that needed to produce a footprint on naked DNA), alone incubated with template DNA produced a stable the nucleosome complex was completely gone. Surpriscomplex under the conditions employed here (Figure 1 , ingly, no super-shifted complex, equivalent to an AP-1 compare lanes 3 and 7, and lanes 1 and 2, respectively). molecule bound to a nucleosome, was obvious. The only Only when all four histones were present was a stable complexes observed migrated in identical positions to that complex observed, which implies that the reconstituted observed when AP-1 bound to naked DNA ( Figure 2A , complex consists of all four histones. Results from other compare lanes 6, 8 and 10 with lanes 5, 7 and 9). This work has indicated that a histone H3/H4 tetramer is stable experiment has been reproduced numerous times with during the gel mobility shift assay (Lee et al., 1993) . We many different Fos/Jun and histone preparations. attribute this difference to the fact that histones H3/H4
A similar experiment was performed employing nucleoin the N1/N2-(H3,H4) complex are modified, thereby somes assembled using the high-salt transfer method weakening histone H3/H4-DNA interactions. Importantly, ( Figure 2B ). Importantly, under identical binding condiour result suggests that to achieve nucleosome displacetions to those used in Figure 2A (see Materials and ment or disruption-as judged by the gel mobility shift methods), Fos/Jun bound to the assembled nucleosome to assay-only histone H2A/H2B interactions within the produce a specific complex that migrated more slowly nucleosome must be altered.
than a free DNA-Fos/Jun complex ( Figure 2B , compare Other evidence demonstrating that this specific shifted lane 10 with lanes 3 and 11). This demonstrates that Fos/ histone complex is a nucleosome include (data not shown):
Jun-nucleosome complexes can be resolved from Fos/ (i) the mobility shift of the reconstituted histone complex Jun-free DNA complexes in the gel mobility shift assay, is similar to that observed when a nucleosome is assembled and suggests that the result shown in Figure 2A may be onto the 180 bp fragment using the high-salt direct transfer interpreted as Fos/Jun complexes disrupting or displacing method; (ii) the assembled histone product protects 145-nucleosomes. In addition, Figure 2B shows that Fos/Jun 150 bp of DNA from micrococcal nuclease digestion; has a high affinity for an unacetylated nucleosome as only (iii) analysis of the protein content of the shifted histone 4 fpu of Fos/Jun was required to produce a Fos/Juncomplex reveals the presence of all four histones; and nucleosome complex. Footprinting experiments have (iv) DNase I digestion of the histone-DNA complex revealed that 5 fpu of Fos/Jun was required to produce containing bent DNA sequences results in a 10-11 bp total protection of the AP-1 site on the nucleosome digestion ladder (see Figure 6B ) which is identical to the assembled from chicken chromatin (data not shown). ladder obtained when this DNA template is reconstituted
In Figure 2A , nucleosome assembly reactions were into a nucleosome by the high-salt assembly procedure.
carried out in the presence of 3 mM ATP (the function of Therefore, we have concluded that the stable shifted ATP in this reaction, distinct from its role in nucleosome complex observed in Figure 1 is a nucleosome. Importspacing, is to chelate Mg 2ϩ , which is an inhibitor of the antly, by carrying out careful histone titrations, at least nucleosome assembly reaction; Tremethick and Frommer, 90% of the labelled DNA template can be assembled into 1992). To investigate whether exogenous ATP is required a nucleosome, which is important when carrying out for this apparent disruption of nucleosomal structure, an DNase I footprinting experiments as this removes the identical experiment to that described in Figure 2A was possibility that any footprint observed is due to uncarried out, except that ATP was omitted from the assembly reaction and replaced with EDTA ( Figure 2C ). Figure 2C assembled DNA. (B) Nucleosomes containing the 180 bp fra-2 fragment were assembled using the high-salt transfer protocol employing histone H1-stripped chicken chromatin as described in Materials and methods. Mock-assembly reactions (lanes 1, 3, 5, 7, 9 and 11) and nucleosomes (lanes 2, 4, 6, 8 and 10) received increasing concentrations of Fos/Jun as shown. (C) Nucleosome assembly reactions were carried out in an identical manner to that described in (A) except that ATP was replaced with EDTA (see Materials and methods).
shows that when increasing amounts of Fos/Jun complexes outside the core particle. However, the strongest histone-DNA interactions occur within the core particle and in were added to assembled nucleosomes, the only DNAprotein complexes observed migrated in identical positions particular near the dyad. If an AP-1 complex is capable of disrupting the nucleosome by binding to its cognate to that of Fos/Jun-naked DNA complexes. This observation mimics the result of Figure 2A . Therefore, we can site, presumably it must disorganize strong histone-DNA contacts in the core particle in order to dismantle the conclude that exogenous ATP is not required for this apparent ability of Fos/Jun to disrupt the structure of a nucleosome. Therefore, we were interested to determine whether Fos/Jun would disrupt a nucleosome if its DNA nucleosome.
In these experiments, we used a DNA probe that was binding site was located at the end of the 180 bp fragment where histone-DNA interactions are weak and not crucial 180 bp in length because it has been shown that an octamer can organize at least 160 bp of DNA, with for maintaining the integrity of the nucleosome. To address this issue, two additional DNA probes were synthesized histones contacting DNA as far as 90 bp from the dyad . Similarly, it has been by PCR such that the AP-1 binding site was positioned either midway between the centre and the 3Ј end of the demonstrated that the histone octamer can protect 168 bp of DNA from digestion by micrococcal nuclease (Weischet fragment or 8 bp from the 3Ј end of the fragment. When the Fos/Jun binding site was located midway between the et al., 1979). Clearly, histones can interact with DNA 3, 5, 7, 9, 11, 13, 15 and 17) and acetylated nucleosomes (lanes 2, 4, 6, 8, 10, 12, 14, 16 and 18) were assembled by incubating the N1/N2-(H3,H4) complex and histones H2A/H2B with three different 180 bp fra-2 DNA fragments. Each DNA fragment contains a AP-1 binding site positioned at different locations (as shown). Following nucleosome assembly, Fos/Jun was added.
centre and the end of the probe, Fos/Jun complexes disrupted the structure of the nucleosome, to a similar extent as that observed when the site was located in the centre of the fragment (Figure 3 , compare lanes 10 and 12 with lanes 4 and 6). In contrast, when the binding site was located at the end of the DNA fragment, a supershifted complex was observed, corresponding to a Fos/ Jun-nucleosome complex. Therefore, a Fos/Jun molecule and a histone octamer can coexist on the same template when the AP-1 binding site is located in a region where strong histone-DNA contacts do not exist. Thus, the location of the AP-1 binding site within the nucleosome determines whether the nucleosome is disrupted or remains intact. Further, this result demonstrates that the apparent disruption observed is absolutely dependent on DNA binding and rules out trivial explanations such as a contaminating protease associated with the Fos/Jun complex.
We next wished to determine whether nucleosome disruption by Fos/Jun complexes is a function of DNA Clearly then, the ability of Fos/Jun to disrupt a nucleosome to be a transcriptional activation domain in in vitro transcription assays (Abate et al., 1990) . In the gel mobility may simply be the consequence of DNA binding, since the amino acid residues important for nucleosome disshift assay system employed here, the Fos (116-211)/Jun (224-334)-DNA complex migrated slightly faster than organization include the residues critical for DNA binding, i.e. the bZip region. This result does not rule out the the nucleosome. Like the full-length dimeric complex, a complex consisting of these truncated proteins was able possibility that nucleosome disruption may depend on critical protein-protein interactions between histones and to disrupt an acetylated nucleosome, as evidenced by the the Fos/Jun complex. However, if this is the case, the key by exploiting the fact that a rotationally positioned nucleosome displays a different DNase I pattern compared amino acid residues of the activator complex important for this interaction lie in the bZip region of Fos and/or with naked DNA. The digestion pattern of a positioned nucleosome consists of hypersensitive cleavage sites Jun, or the acidic region next to the bZip region of Fos. Future work, including cross-linking studies, will clarify spaced at~10 bp intervals (Archer et al., 1991; Li and Wrange, 1995) . If such a digestion pattern is observed this issue.
Can Fos/Jun disrupt the structure of a nucleosome if a after assembling an acetylated nucleosome onto the DNA probe, the disruption of the nucleosome by Fos/Jun would different promoter region containing an AP-1 binding site is incorporated into an acetylated nucleosome? The rat result in the loss of the 10 bp ladder. However, digestion of reconstituted acetylated nucleosomes did not yield a fra-1 promoter contains two AP-1-like binding sites near the start site of transcription, with the centre of the two 10 bp digestion ladder, indicating that the nucleosome assembled onto the DNA probe was not rotationally sites separated by 57 bp (D.R.Cohen, unpublished data; see also Bergers et al., 1995) . Both of these AP-1 sites positioned. Similarly, no such ladder was observed when an unacetylated nucleosome was assembled onto the have a 4-to 5-fold lower affinity for Fos/Jun compared with the fra-2 AP-1 site used earlier (data not shown).
fragment using the high-salt transfer method (data not shown). We carried out identical experiments to those described Therefore, we inserted a DNA bending sequence (two above, employing 180 bp DNA fragments that contain tandem 20 bp repeats of the GT sequence known to induce one or other of the fra-1 AP-1 binding sites, or a fragment rotational phasing) into the 180 bp fra-2 promoter region containing both of these sites. Essentially the same results fragment 3Ј of the AP-1 site, even though this alters the were obtained with all three fra-1 promoter fragments, natural context of the promoter region. This bending namely that the addition of Fos/Jun was able to disrupt sequence has been used previously to direct a nucleosome the structure of the nucleosome ( Figure 5 and data not next to a c-Myc/Max binding site (Wechsler et al., 1994) . shown). An~4-fold concentration of Fos/Jun was required Gel mobility shift assays employing this DNA fragment to disrupt a nucleosome containing the fra-1 AP-1 sites assembled into an acetylated nucleosome revealed that compared with a nucleosome containing the fra-2 promoter~3 -to 4-fold more Fos/Jun was required to disrupt the site ( Figure 5, compare lanes 8 and 14) . These results nucleosome compared with when the unmodified fra-2 demonstrate that the ability of Fos/Jun to disrupt the fragment was used (not shown). Figure 6 , which analyses structure of a nucleosome is not promoter-specific. Importthe binding of Fos/Jun binding to a rotationally positioned antly, this result also shows that the disruption of the nucleosome by DNase I footprinting, confirms this result. nucleosome caused by Fos/Jun is dependent upon DNA The binding of Fos/Jun complex (1 fpu) to naked DNA binding and that the concentration of Fos/Jun required to produced a complete footprint that encompassed the AP-1 disrupt the nucleosome depends on its affinity for the consensus sequence (Figure 6 , compare lane 3 with lane binding site. 1). Partial protection of the DNA further 3Ј of the The binding of a Fos/Jun complex to the fra-2 consensus site was also observed (see Figure 8B for a promoter can completely disrupt the structure of a summary of the footprinting data). Importantly, this figure nucleosome clearly shows that Fos/Jun can indeed disrupt the structure We wanted to use DNase I footprinting to confirm that of a nucleosome. Compared with the DNase I digestion profile of naked DNA ( Figure 6, lanes 1 and 7) , the Fos/Jun can indeed disrupt the structure of a nucleosome, digestion profile of the reconstituted nucleosome clearly in the reaction, when 80% of the AP-1 sites are occupied, the DNase I digestion profile was essentially the same as demonstrated a moderate 10 bp digestion ladder ( Figure  6 , lanes 8 and 18) (a very strong 10 bp ladder was not naked DNA. Unexpectedly, at the higher Fos/Jun concentrations observed probably due to the fact that only two tandem GT bending sequences were utilized, that these bending (8 fpu) required to eliminate the 10 bp DNase I ladder, a second low-affinity site for Fos/Jun is observed upstream sequences were located towards the end of the DNA fragment which is not the optimal position for these of the AP-1 consensus site ( Figure 6 , see vertical bar next to lanes 6 and 13; also see Figure 8B for a summary). bending elements, and that-in contrast to other similar studies which use DNA fragments that are only~150 bp Binding to this site occurs at 8 fpu, irrespective of whether a nucleosome is assembled onto the DNA probe. in length-our DNA probe was significantly longer). When a Fos/Jun titration was performed, strikingly, the Nevertheless, we can not exclude the possibility that the binding of two Fos/Jun heterodimers is required for 10 bp ladder gradually disappeared and was replaced by the digestion pattern of naked DNA. This loss of the 10 bp nucleosome disruption. Rather than Fos/Jun binding causing disruption of ladder corresponded to the occupancy of the AP-1 site; that is, at the point at which 8 fpu of Fos/Jun was present nucleosomal structure, another possible explanation for the loss of the 10 bp ladder is that Fos/Jun may induce nucleosome sliding. We do not believe this is the case because, as demonstrated in Figure 3 , such a triple complex comprising DNA, a histone octamer, and an AP-1 complex would yield a super-shifted complex in a mobility gel shift assay. This is clearly not observed. Moreover, studies on nucleosome mobility have shown that different translational positions of histone octamers are separated by 10-11 bp, thereby maintaining the 10 bp ladder generated upon DNase I digestion (Pennings et al., 1991; Ura et al., 1995) . Further, given that the high-affinity Fos/Jun binding site is located in the centre of the 180 bp DNA fragment, it is not clear whether this length of DNA would be of sufficient length for long-range sliding. Given that these DNase I footprinting experiments were carried out under identical conditions to that of the mobility gel shift experiments, we conclude that Fos/Jun can disrupt the structure of a nucleosome by altering histone-DNA interactions. remain bound to the DNA? To answer this question, an oligonucleotide competition assay was performed . In this assay, following the formation of an DNase I footprinting experiment, in Figure 8A and is summarized in Figure 8B . Competition experiments have acetylated nucleosome and the subsequent addition of Fos/ Jun, a 30 bp oligonucleotide containing an AP-1 binding revealed that sites 1 and 2, and the HMG-box binding site TCRα mut 11 (Giese et al., 1992) have almost identical site was added to the binding reaction. If Fos/Jun caused the displacement of histones from the labelled fra-2 affinities for SRY (data not shown). Interestingly, site 2 encompasses the major start site of transcription. In promoter fragment, the subsequent removal of Fos/Jun by the oligonucleotide would yield protein-free probe DNA addition, concerning site 2, a new DNase I-sensitive site (DSS) appeared just 3Ј of this footprint (arrowed in Figure  being observed by mobility gel shift analysis. An identical result was obtained when a 180 bp oligonucleotide was 8B), which is only observed on naked and not nucleosomal templates (data not shown). Two other lower-affinity used as competitor (data not shown). On the other hand, if histones were still present on the fra-2 promoter frag-HMG-box binding sites were also observed ( Figure 8A , sites 3 and 4). ment, the removal of Fos/Jun could allow the reassembly of the nucleosome. Figure 7 shows that, under conditions As we demonstrated that Fos/Jun can completely disrupt a nucleosome assembled with the N1/N2-(H3,H4) comwhere probe DNA was completely assembled into nucleosomes (under these efficient assembly conditions, we often plex and histones H2A/H2B, a prediction would be that the addition of Fos/Jun first to the nucleosome would observe a minor, slower-migrating histone-DNA complex of unknown structure), the addition of competitor DNA disrupt the nucleosome, thereby facilitating the subsequent specific binding of SRY to its recognition sequence. resulted in the reappearance of the nucleosome ( Figure  7 , compare lane 7 with lane 3). Alternatively, if an
Having characterized the binding of SRY to naked DNA, we employed the footprinting assay to test this prediction. oligonucleotide lacking an AP-1 binding site was used as competitor, the nucleosome did not reappear and Fos/Jun- Figure 9 (lanes 3-5) shows that SRY could not bind specifically to an acetylated nucleosome at low protein DNA complexes remained intact (Figure 7 , compare lane 11 with lane 3). We therefore can conclude that the concentrations (up to 3 fpu) as no clear footprints were observed over sites 1-4 (although a partial footprint observed Fos/Jun disruption of nucleosomal structure is reversible and probably does not involve histone displacecovering site 4 could be seen; Figure 9 , compare lanes 1 and 5). In complete contrast, if Fos/Jun is added to the ment-which is consistent with the observation that this disrupted nucleosomal template does not totally behave acetylated nucleosome prior to the addition of SRY, binding of SRY to site 2 was observed ( Figure 9 , compare like naked DNA in SRY binding experiments (see below).
lanes 6-8 with lanes 3-5). The affinity of SRY for this site is identical to that when naked DNA is used as a Fos/Jun can disrupt an acetylated nucleosome to facilitate the subsequent binding of a second template, i.e. a complete footprint is observed at 1 fpu. Moreover, the DSS that appeared 3Ј of site 2 only when transcription factor As described above, the 180 bp DNA template used here the template was naked DNA, also appeared. This indicates that the disrupted nucleosome behaved like a free DNA encompasses two high-affinity binding sites for the HMGbox protein SRY (a consensus and non-consensus site, template.
Binding of SRY to site 1 was not observed because the sites 1 and 2 in Figure 8A and B). This is shown, by a to the lower-affinity sites 3 and 4 is not dramatically enhanced by Fos/Jun binding (Figure 9 , compare lanes 6-8 with lanes 3-5). This is consistent with the observation that histones are still present on the fra-2 DNA fragment and implies that histones may selectively repress the binding of the SRY to low-affinity sites relative to highaffinity sites.
Surprisingly, while the prior binding of Fos/Jun to the reconstituted nucleosome facilitated the binding of SRY to site 2, in complete contrast, when SRY was added first, the binding of Fos/Jun to its recognition site was inhibited (Figure 9 , compare lanes 9-11 with lanes 6-8). We have preliminary evidence which indicates that SRY may be binding to an acetylated nucleosome-though not in a sequence-specific manner-and that this binding inhibits the subsequent binding of AP-1. This point is currently under investigation. In summary, the ability of Fos/Jun to destabilize the structure of nucleosome can facilitate the subsequent binding of a second transcription factor, in this case SRY.
Discussion
As an important first step in understanding how bZip proteins interact with a chromatin template, we investigated whether Fos/Jun can interact with a single nucleosome. We have found that Fos/Jun can bind to an unacetylated nucleosome with only a 4-to 5-fold reduction in DNA binding affinity compared with naked DNA. Therefore, Fos/Jun can be classified as a nucleosomebinding transcriptional activator. The novel finding of this work is that when a nucleosome is reconstituted using the physiological N1/N2-(H3,H4) complex, the binding of Fos/Jun to a promoter containing a single high-affinity binding site can cause the complete disruption of the acetylated nucleosome. Moreover, this disruption process could facilitate the subsequent binding of another transcription factor (SRY), which otherwise could not bind, to the DNA template. Taken together, these results suggest that an important function of Fos/Jun, with regard to the transcriptional activation of target genes, may be to remodel chromatin.
The role of histone acetylation in facilitating transcription factor binding
In this study, we have shown that when a nucleosome is assembled using the Xenopus N1/N2-(H3,H4) complex plus chicken histones H2A/H2B, Fos/Jun is able to completely disrupt the nucleosome. Both histones H3 and H4 in this complex are acetylated (during Xenopus embryo- Fig. 9 . Fos/Jun can disrupt an acetylated nucleosome to facilitate the genesis, the diacetylated form of histone H4 is the form binding of SRY. Acetylated nucleosomes were assembled using the of the protein that is incorporated into chromatin during N1/N2-(H3,H4) complex and histones H2A/H2B. The binding of DNA replication; Dimitrov et al., 1993) . On the other increasing concentrations of SRY (as shown) in the absence (lanes 3-5) or presence (lanes 6-11) of Fos/Jun to reconstituted hand, a ternary complex comprised of Fos/Jun and a nucleosomes was analysed by DNase I footprinting. SRY was added nucleosome is observed when principally unacetylated either after (lanes 6-8) or before (lanes 9-11) the addition of 4 fpu of histones H3 and H4 are used in reconstituting the nucleoFos/Jun. Lane 2 received 4 fpu of Fos/Jun without SRY. Lanes 1 and some. We attribute this difference to the acetylation status 12 are control lanes. DSS, DNase I-sensitive site.
of histones H3 and H4.
In contrast to published studies demonstrating that an unacetylated tetramer forms a stable complex (Lee et al., affinity of SRY for this site is reduced when Fos/Jun occupies its consensus site, since the centre of the two 1993; Walter et al., 1995) , the results of Figure 1 demonstrate that, under conditions of the gel mobility shift assay, binding sites is separated by 9 bp (however, the reverse is not true; data not shown). Interestingly, binding of SRY acetylated histones H3 and H4 do not form a stable complex with the DNA template. The stabilization of on its affinity for a particular binding site ( Figure 5) . Third, when a Fos/Jun titration is carried out using a histone H3/H4-DNA interactions and the subsequent formation of a stable nucleosome requires the binding of rotationally positioned nucleosome, the loss of the 10 bp periodicity correlates with the occupancy of the AP-1 histones H2A and H2B. Therefore, for Fos/Jun to disrupt the nucleosome may only require the alteration of histone binding site. Finally, it is worth noting that, compared with an unpositioned nucleosome, an~3-to 4-fold higher H2A/H2B-(H3/H4) 2 tetramer interactions. In turn, the H3/ H4 tetramer is significantly less refractory to the binding concentration of Fos/Jun was required to disrupt the rotationally positioned nucleosome. This can be explained of transcription factors (Tremethick et al., 1990; Wolffe, 1991) .
by the higher affinity of the histone octamer for the bent DNA template (alternatively, this finding could be related Many observations have been reported consistent with the proposal that acetylation of histones H3 and H4 to the orientation of the AP-1 binding site relative to the surface of the histone octamer which is currently being weakens histone-DNA interactions within the nucleosome. For example, acetylated (H3/H4) 2 tetramers elute from a investigated). On the subject of the disruption of this rotationally positioned nucleosome, we can not rule out chromatin-bound hydroxyapatite column at lower salt concentrations than do unmodified tetramers (Li et al., the possibility that the binding of two Fos/Jun heterodimers is required for this disruption to occur (Figure 6 ). In 1993), and acetylation of the H4 amino-terminal peptide dramatically reduces its affinity for DNA (Hong et al., general, it would be expected that the number of transcription factor binding sites required to destabilize nucleo-1993). Further, acetylated histones increase the susceptibility of certain cleavage sites within nucleosomal DNA somal structure would depend on the affinity of the histone octamer for the DNA (this is particularly relevant given to DNase I (Simpson, 1978) and reduce the linking number per nucleosome (Norton et al., 1990) . With regard to that many nucleosome binding studies employ strongly rotationally positioned nucleosomes). function, this potential weakening of histone-DNA interactions caused by acetylation has been shown to facilitate
In addition to the loss of the 10 bp DNase I digestion ladder, the ability of Fos/Jun to disrupt the structure of a TFIIIA binding to Xenopus 5S RNA genes within single nucleosomal templates (Lee et al., 1993) . In addition, nucleosome is also consistent with the observation that (at least under gel mobility shift conditions) the proteinproteolytic removal of N-terminal tails from core histones (which mimics the effect of acetylation) enhances binding DNA complexes seen when Fos/Jun is added to the acetylated nucleosome run in an identical position to that of GAL4-AH to a reconstituted nucleosome (Vettese Dadey et al., 1994) . It was therefore concluded that the of Fos/Jun-naked DNA complexes. The SRY and Fos/ Jun order of addition experiments ( Figure 9 ) provide observed inability of GAL4-AH to bind to a nucleosome is mediated primarily by histone amino-terminal tails.
further evidence for nucleosomal disruption. The addition of Fos/Jun first to an acetylated nucleosome enabled SRY Although these data are consistent with our work in terms of acetylation of histones promoting transcription factor to bind to the fra-2 promoter with an affinity similar to that of naked DNA. Interestingly, enhancement of binding binding, neither TFIIIA nor GAL-4 binding to a single high-affinity site could significantly disrupt or displace the to all SRY sites was not observed. Although the structure of the nucleosome is altered as nucleosome. One possible explanation for this difference is that Fos/Jun-but not TFIIIA or GAL-4-has a specific the result of Fos/Jun binding, histones are not displaced from the DNA template ( Figure 7 ). The ability of histones 'nucleosome disruption' ability (see below). It is worth pointing out that the assembly of nucleosomes using to rapidly refold into a nucleosome upon removal of Fos/ Jun from the nucleoprotein complex provides an attractive the Xenopus N1/N2-(H3,H4) complex would yield a homogeneous population of acetylated nucleosomes mechanism by which an inducible promoter can be rapidly inactivated, in a DNA replication-independent manner, because histones H3 and H4, in the N1/N2 complex, are uniformly acetylated at specific sites, e.g. histone H4 is upon cessation of the activation signal. only acetylated at sites 5 and 12. In contrast, nucleosomes assembled using histones prepared from butyrate-treated Chromatin remodelling Structural studies of specific genes in vivo have revealed HeLa cells would yield a heterogeneous population of acetylated nucleosomes, since histone H4 can be acetylated at least three mechanisms by which nucleosomes can be removed, or their structure altered, from promoter regions: at all sites (lysines 5, 8, 12 and 16) , or only at a subset of these sites in a number of different combinations.
(i) nucleosome exclusion; (ii) nucleosome positioning; and (iii) nucleosome displacement or disruption (Workman and Buchman, 1993; Becker, 1994; Wallrath et al., 1994 ; The ability of Fos/Jun to disrupt a nucleosome is dependent on binding to nucleosomal DNA . Strong evidence from biochemical studies and genetic Based on the following observations, we can conclude that the ability of Fos/Jun to disrupt the nucleosome is studies in yeast exists showing that, at least in some instances, nucleosome disruption may require the absolutely dependent on its ability to interact with DNA and not solely due to protein-protein interactions or any cooperation of a coactivator referred to as the SWI complex (Peterson and Tamkun, 1995) . The SWI complex contaminating activities, such as proteolytic enzymes, present in the Fos/Jun preparation. First, a Fos/Jun complex is a conserved multi-subunit complex that uses the energy of ATP to disrupt or displace the nucleosome, thereby and a histone octamer can coexist on the same DNA template molecule when the Fos/Jun binding site is located facilitating the binding of transcription factors to DNA. Most interestingly, another distinct nucleosome remodellat the end of the DNA template where strong histone-DNA interactions do not exist (Figure 3) . Second, the ing factor (NURF) has been purified recently from Drosophila embryo extracts which may indicate that more than ability of Fos/Jun to disrupt a nucleosome is dependent one mechanism for nucleosome displacement may operate
The role of Fos/Jun in chromatin Fos/Jun, a key member of the AP-1 family, is a sequencein the eukaryotic nucleus (Tsukiyama and Wu, 1995) . Like the SWI complex, NURF requires ATP to alter the specific transcriptional activator that was found to mediate gene induction by the phorbol ester tumour promoter, structure of a nucleosome (an important question to be addressed is how these remodelling factors are targeted TPA. Following this observation, AP-1 activity was found to be induced by a variety of different stimuli including to promoters).
The process of nucleosome displacement may not growth factors, cytokines, neurotransmitters, T-cell activators and UV irradiation. Induction of Fos/Jun activity in all cases require the action of such ATP-dependent coactivators. In vitro nucleosome reconstitution experiinvolves different mechanisms which leads to an increase in the abundance of the complex and an induction in its ments have shown that the binding of multiple transcription factors to nucleosomal DNA can weaken histone-histone activity (Angel and Karin, 1991; Kerppola and Karin, 1991a; Karin, 1995) . Fos/Jun stimulates transcription by and histone-DNA interactions sufficiently such that the entire nucleosome can be displaced from template DNA binding to promoter regions of target genes. Therefore, like other well-characterized inducible transcription factors, it in the presence of histone sinks Walter et al., 1995) . Similarly, in this study, we have shown that is likely that Fos/Jun may encounter a repressive chromatin environment. The results of this study strongly suggest the binding of Fos/Jun to a reconstituted nucleosome can disrupt the nucleosome, which in fact mimics the action that an important function of Fos/Jun, in the complex process that leads to the transcriptional activation of a of SWI or NURF in many ways.
At present, we do not know the mechanism by which target gene, is to remodel nucleosomal structure to facilitate the binding of other transcription components. Such a the binding of a Fos/Jun complex to a single high-affinity site can disrupt the structure of a nucleosome. There are role for AP-1 is supported by the recent finding that a nucleosome located immediately downstream of the however, a number of plausible explanations. As discussed above, we believe that the acetylation status of histones transcription start site in the long terminal repeat of the HIV-1 genome is disrupted following TPA treatment H3/H4 plays an important role. One possibility is that, in combination with the already weakened interactions (Verdin et al., 1993) . This nucleosome encompasses three AP-1 binding sites. Furthermore, demonstrating the between DNA and histones due to histone acetylation, if Fos/Jun can bend DNA, the severe bending of DNA importance of acetylation in the AP-1-induced nucleosome disruption process, this positioned nucleosome is disproduced upon factor binding may not be entirely compatible with the way the DNA is bent around the acetylated rupted, in the absence of transcriptional activation signals, when histones become hyperacetylated as the result of histone octamer, thereby further altering the structure of the nucleosome (Kerppola and Curran, 1991b; Kerppola, treatment of cell lines with specific inhibitors of histone deacetylase (Van Lint et al., 1996) . Interestingly, like the 1996). This incompatibility may also relate to the change in the conformation of a nucleosome produced by HIV-1 promoter, the AP-1 binding site of the fra-2 promoter is also located downstream of the transcription acetylation of histones H3 and H4 (Bauer et al., 1994) . Based on this scenario, it would be interesting to investistart site. Perhaps disruption of chromatin structure in these promoters is important for the passage of the RNA gate the ability of different AP-1 family members to disrupt the nucleosome, since different family members polymerase II complex. In a different promoter context, transcriptional activators like Fos/Jun, that can bind to a may bend DNA to different extents and in different directions (Kerppola and Curran, 1993) . Alternatively, the nucleosomal template, may be able to direct the binding of chromatin remodelling factors to appropriate promoters. binding of Fos/Jun may significantly alter the conformation of the nucleosome. Our favoured hypothesis is that Fos/ The subsequent binding of chromatin remodelling factors would in turn cause a more widespread disruption of Jun may directly interact via protein interactions with histones (perhaps H2A/H2B) in the nucleosome. If this is chromatin structure, which would then allow the functional association of the transcriptional machinery. the case, this work has narrowed the potential histone target sites to the bZip region of Jun and Fos, plus an Finally, the results of this investigation allow us to put forward a speculative model concerning the molecular acidic region next to the bZip region of Fos. It is this acidic region of Fos that we are currently examining for steps involved in the conversion of an inactive to an active chromatin structure. Given the ability of Fos/Jun to bind a histone-binding ability. We also can not eliminate the possibility that more than one Fos/Jun molecule binds to to an unacetylated nucleosome with a high affinity, it is possible that the formation of a potentially active chromatin the nucleosome via protein-protein interactions and not via DNA-protein interactions. Finally, since the N1/N2-structure may not in all cases involve nucleosome displacement, but may simply involve the association of a transcrip-(H3,H4) preparation is not completely pure, one possibility which we can not rule out at present is that the N1/N2-tional activator with a nucleosome(s) on a gene that is going to be transcribed. Displacement of such an activator-(H3,H4) complex is contaminated with a component(s) that facilitates the nucleosome disruption process. If such bound nucleosome, during the conversion of this potentially active chromatin structure to an active state, could a component exists, we can conclude that it is not SWI or NURF because: (i) the N1/N2-(H3,H4) complex is occur as the result of histone modifications, including acetylation and/or phosphorylation. In other words, the relatively small (isolated as a 5S complex by sucrose gradient centrifugation) while SWI and NURF are large nucleosome itself would be the target for signalling pathways. It has been shown that serine residues within the complexes (2 MDa and 500 kDa, respectively); and (ii) that exogenous ATP, which is absolutely necessary for SWI N-terminal region of histone H3 are rapidly phosphorylated during growth induction of quiescent cells (Mahadevan or NURF to function, is not required for the observed disruption of nucleosomal structure ( Figure 2C) . et al., 1991) . Similarly, the structure of the nucleosome
